Fatigue Behavior Characterization of Bituminous Mixtures Made with Reclaimed Asphalt Pavement and Steel Slag  by Pasetto, Marco & Baldo, Nicola
 Procedia - Social and Behavioral Sciences  53 ( 2012 )  297 – 306 
1877-0428 © 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of SIIV2012 Scientifi c Committee
doi: 10.1016/j.sbspro.2012.09.882 
 
SIIV - 5th International Congress - Sustainability of Road Infrastructures 
Fatigue Behavior Characterization of Bituminous Mixtures made with 
Reclaimed Asphalt Pavement and Steel Slag 
Marco Pasettoa*, Nicola Baldob 
aUniversity of Padua, Department of Civil, Environmental and Architectural Engineering, Via Marzolo 9, Padua 35131, Italy 
aUniversity of Udine, Chemistry, Physics and Environment Dept., Via del Cotonificio 114, Udine 33100, Italy 
Abstract 
The paper discusses the results of a laboratory evaluation and a theoretical study on the fatigue behaviour of bituminous 
mixtures with Reclaimed Asphalt Pavement aggregate and electric arc furnace steel slag, used in different proportion. 
The experimental investigation was performed with the four-point bending test. The fatigue life has been evaluated by three 
different approaches, based on the 50% reduction of the initial stiffness modulus, the dissipated energy and the damage 
accumulation. 
With respect to the reference mixture, composed by a natural aggregate skeleton, the bituminous mixtures with RAP 
aggregate and steel slag have presented improved fatigue properties and performance. 
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1. Introduction 
On the basis of rational mechanistic principles, the performance characterization of a bituminous mixture is 
fundamental for the design of flexible pavements. Nonetheless, it is known that mixtures’ performances are not 
univocally defined, but are highly sensitive to different parameters, including temperature. At average operating 
temperatures, verification of the fatigue behaviour of the material is particularly important, i.e. with respect to 
repeated loading applications. 
Laboratory fatigue tests can be conducted following many approaches. For example, the European EN 12697-
24 Standard has five separate Annexes, each of which describes a different test protocol: a two-point bending test 
with trapezoid and prismatic samples (Annexes A and B); three- and four-point bending tests on prismatic beam 
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specimens (C and D); repeated indirect tensile strength tests on cylindrical samples (E). Although modern 
laboratory equipment allows the various tests to be conducted with stress and strain control, the Annexes of the 
EN 12697-24 Standard usually involve just one of the two methods of loading application. More precisely, 
Annexes B and E prescribe the stress control, while the others the strain control; only Annex D allows both of the 
loading modes (i.e. constant deflection or constant force). Nevertheless, irrespective of the specifications of the 
Standard, the stress control tests are generally used for the fatigue study of thick pavements, while strain control 
tests are applied for flexible ones of the conventional type [1]. 
In the stress control procedure, since stress is maintained constant, with a consequent progressive increase in 
the strain, the complete cracking of the sample is frequently reached at the end of the test. The failure condition is 
therefore clearly represented by the physical failure of the sample. However, there are other criteria of failure, for 
example associated to a 90% reduction of the initial stiffness modulus [2], or with increasing strain, up to a value 
double that of the initial one. Vice versa, in the strain control tests, strain is maintained constant and a progressive 
reduction in the stress is registered. Consequently, at a high number of cycles, since the stress will be reduced to a 
very low value, it is unlikely that an evident crack will be found in the sample, which will therefore not be 
completely broken. For this reason, within the road scientific community, the criterion of failure for the strain 
control tests is generally established as a 50% reduction of the initial stiffness [3], or initial stress. 
The cited criteria of failure, although defined by consistent variations of the mechanical parameter considered 
(stiffness modulus, rather than stress or strain) with respect to the initial conditions of the sample, are purely 
arbitrary and do not fully represent the state of internal damage in the material. 
To overcome this problem, Hopman et al. [4] and Pronk [5], for fatigue bending tests, introduced a rational 
criterion of failure, linked to the concept of dissipated energy, identifying the failure in correspondence to a 
number of loading cycles N1 at which the micro-cracks coalesce, producing a macro-crack. N1 therefore 
represents the triggering of that macro-crack, which then propagates in the material [6]. 
In his approach Pronk introduced an energy ratio Rn, defined as the ratio between the cumulative energy 
dissipated up to the n-th cycle and the energy dissipated at the n-th cycle. 
In the strain control tests, the graphical representation of Rn with the varying of the number of cycles allows 
N1 to be identified as the point at which Rn begins to show a non-linear trend. Vice versa, in the stress control 
tests, N1 is identified as the peak point of Rn with the varying of the number of cycles. As already outlined by 
Artamendi and Khalid [1], the accurate identification of N1 appears to be more subjective in the strain control test 
method than in that with constant stress control. 
A radically different approach to the study of fatigue was proposed by Di Benedetto et al. [7], who focused 
attention on the evolution of the stiffness during bending tests, observing that it is possible to identify a phase, of 
predominant length, during which the modulus of the material shows a substantially linear reduction. Di 
Benedetto et al. therefore introduced a damage parameter, depending on the stiffness of the mixture, whose 
variation with the number of cycles allowed the development of damage from fatigue in the material to be 
described. 
In the present research the fatigue behaviour of bituminous mixtures for base courses was investigated by 
means of the “stress control” four-point bending test (4PBT), interpreting the experimental data, as well as with 
the classic methodology based on a 50% reduction of the initial stiffness [1], also in the light of the approaches of 
Pronk [5] and di Benedetto et al. [7]. 
2. Materials used 
Three materials were used in the study: Electric Arc Furnace (EAF) slag, Reclaimed Asphalt Pavements 
(RAP) and natural aggregates (crushed limestone and sand). 
Table 1 reports the physico-mechanical properties of the aggregates, as well as the specific road test protocols 
adopted. 
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  Table 1. Physical and mechanical characteristics of the aggregates 
Physical ÷ Mechanical 
properties 
Natural 
sand 
Crushed 
Limestone  
0/5 
Crushed 
Limestone 
10/15 
Crushed 
Limestone 
15/20 
EAF  
10/15 
EAF  
15/20 
RAP 
aggregates 
Los Angeles coefficient  
[%] 
UNI EN 1097-2 
- - 30 - 7 - 27 
Equivalent in sand  
[%] 
UNI EN 933-8 
86 93 - - - - 98 
Shape Index  
[%] 
UNI EN 933-4 
- 9 2 4 8 3 10 
Flakiness Index  
[%] 
UNI EN 933-3 
- 10 2 5 6 4 7 
Grain dry density [g/cm3] 
CNR 64/78 
2.91 2.72 2.80 2.88 3.97 3.89 2.53 
Grain bulk density 
 [g/cm3] 
CNR 63/78 
2.81 2.44 2.72 2.78 3.87 3.74 2.36 
Aggregate bulk density 
 [g/cm3] 
CNR 62/78 
1.73 1.36 1.35 1.40 1.92 1.87 1.33 
Plasticity Index 
 [-] 
UNI CEN ISO/TS 17892-12 
0 0 0 0 0 0 0 
Table 2 reports the grading composition of the bituminous mixtures and proportions of the components; five 
mixes were designed with an integrated slag-RAP-limestone lithic matrix (S0R2, S0R4, S3R0, S3R2, S3R4; 
without slag S0, with 30% S3; without RAP R0, with 20% R2, with 40% R4) and one, used as reference, with 
only natural aggregate (S0R0). 
      Table 2. Aggregate type and particle size distribution of the mixtures 
Mix composition Fraction 
[mm] 
Quantity 
[%] 
S0R0 S0R2 S0R4 S3R0 S3R2 S3R4 
Crushed Limestone 5/10 25 15 12 29 21 14 
10/15 20 20 20 - - - 
15/25 12 12 11 - - - 
Sand 0/2 40 30 13 38 26 12 
RAP aggregate 0/10 - 20 40 - 20 40 
EAF steel slag 10/15 - - - 10 18 18 
15/20 - - - 20 12 12 
Filler (additive) - 3 3 4 3 3 4 
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A normal bitumen (50/70 dmm pen) was used for all the mixtures in the experiments. Table 3 reports bulk 
density, Indirect Tensile Strength (ITS) and Stiffness Modulus (Sm) by 4PBT, of the bituminous mixtures.  
            Table 3. Physical and mechanical characteristics of the bituminous mixtures 
Properties Mixture 
S0R0 S0R2 S0R4 S3R0 S3R2 S3R4 
Bulk density [Kg/m3] 2410 2433 2469 2626 2661 2714 
ITS @ 25°C [MPa] 1.62 1.88 2.35 1.74 1.90 2.18 
Sm @ 20°C, 10Hz [MPa] 4490 8961 7070 6106 9565 8114 
3. Fatigue characterization 
The four-point bending fatigue tests were conducted using the protocol described in Annex D of the European 
EN 12697-24 Standard, in a regime of stress control, with a wave of sinusoidal loading without rest periods. The 
tests were all conducted at a temperature of 20 °C, frequency of 10 Hz, and at three stress levels: 1, 1.25 and 1.5 
MPa. In addition to the data of stress and strain, the phase angle and dissipated energy (both cumulative, and 
relative to each loading cycle) were determined for each fatigue test. 
The beam specimens necessary for conducting the fatigue tests, with dimensions of 400 mm x 50 mm x 60 
mm, were cut from 300 mm x 400 mm x 50 mm slabs produced by a laboratory compacting roller, in accordance 
with the EN 12697-33 Standard. 
The results of the fatigue tests were interpreted with three different approaches. In addition to the classical 
methodology based on a 50% reduction of the initial stiffness [1], the energy approach of Pronk [5] was also 
applied, as well as that of Di Benedetto et al. [7] in terms of damage.  
3.1. Fatigue characterization based on the stiffness reduction approach 
The classical fatigue curves, elaborated according to the applied stress and number of cycles Nf, at which a 
50% reduction of the initial stiffness is registered, are presented in Figure 1. The initial strain was evaluated at the 
100th cycle (EN 12697-24, Annex D), since as generally recognized in the literature [1, 8], this is the stage of the 
test when the material shows a stress-strain response that reliably represents the initial conditions, without yet 
being significantly affected by damage phenomena. 
The regression analysis of the fatigue data was performed using a power law model of the type:  
0
b
faNH    (1) 
where a and b are regression coefficients depending on the type of material. 
Table 4 reports the regression coefficients and coefficient of determination R2. With reference to a fatigue 
resistance of 1,000,000 loading cycles (as indicated in Standard EN 12697–24, Annex D), and using Eqn. (1), it 
was possible to calculate the corresponding initial tensile strain H (106), which was higher for the asphalts with 
EAF slag and RAP aggregate; in particular the highest value, 99 Pm/m, was obtained for S3R2 (Table 4). It 
resulted almost 3 times as the value recorded for the reference mixture, without marginal aggregate. Therefore, 
even if the use of RAP as well as steel slag only, increases considerably the fatigue life, it is the combination of 
the two marginal aggregates that allows the highest values for H (106) to be reached. 
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Fig. 1. Fatigue life Nf versus initial strain 
 Table 4. Fatigue curves - regression coefficients (Nf approach) 
Mixture a 
[Pm/m] 
b 
[-] 
H (106) 
[Pm/m] 
R2 
[-] 
S0R0 3825.10 0.3421 34 0.9320 
S0R2 977.88 0.1787 83 0.9831 
S0R4 1320.90 0.2132 69 0.9805 
S3R0 1894.10 0.2611 51 0.9997 
S3R2 725.71 0.1443 99 0.9969 
S3R4 858.41 0.1695 82 0.9963 
3.2. Fatigue characterization based on the energy ratio approach 
Pronk’s energy approach is based on the calculation of the energy ratio Rn, defined as the ratio between the 
cumulative energy dissipated up to the n-th cycle and that dissipated at the n-th cycle, according to Eqn. (2): 
0
n
i i i
i
n
n n n
sen
R
sen
S V H I
SV H I
  
¦
  (2) 
where V is the stress, H the strain, I the phase angle, i the generic i-th cycle, n the n-th cycle. 
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The study of the evolution of the energy ratio during the test allows the number of cycles N1 to be determined 
in correspondence to which macro-cracks form. Figure 2 presents an example, relative to the S3R4 mix, of the 
determination of N1: the peak value of the curve in the Rn-N plane, is clearly detectable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Determination of failure N1 for mix S3R4 at 1.25 MPa 
Figure 3 presents the fatigue curves in terms of N1 and the initial strain value, for the various mixtures. 
Similarly to what was previously done for the classical fatigue curves, represented as a function of Nf, a power 
function, analogous to Eqn. (1), was also used in this case, substituting N1 for Nf. Table 5 reports the coefficients 
of regression and determination, as well as the value of H (106). 
 Table 5. Fatigue curves - regression coefficients (N1 approach) 
Mixture a 
[Pm/m] 
b 
[-] 
H (106) 
[Pm/m] 
R2 
[-] 
S0R0 3878.00 0.3144 50 0.9847 
S0R2 614.30 0.1207 116 0.9903 
S0R4 1415.00 0.2002 89 0.9934 
S3R0 1103.10 0.1856 85 0.9573 
S3R2 650.35 0.1185 127 0.9995 
S3R4 771.52 0.1498 97 0.9877 
 
Although the comparative analysis of the H (106) values related to the different mixtures, using the 
conventional as well as the Pronk approach, leads to a similar ranking of the various materials (at least from a 
qualitative point of view), it can be observed that, in any case, H (106) values determined from N1 are higher than 
those calculated with reference to Nf; therefore, the analysis with the energy approach determines a longest 
fatigue life of the mixtures. The interpretation in terms of N1 allows the comparison between mixtures in the 
same damage conditions, corresponding to the formation of macro-cracks, and is therefore considered more 
reliable and significant from a physical point of view [6]. 
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Fig. 3. Fatigue life N1 versus initial strain 
3.3. Fatigue characterization based on the linear damage evolution approach 
Figure 4 presents an example of evolution of the stiffness, registered for the S3R4 mix in a 4PBT test at a 
stress of 1.25 MPa; similar trends were obtained for the other mixtures investigated. It is possible to identify a 
phase, with a uniform slope and of predominant length, characterized by a linear reduction of the modulus. 
The approach of  Di Benedetto et al. [7] is based on this observation, which introduces a parameter of damage 
to the fatigue study, determined according to Eqn. (3): 
00
00
( )( ) E E ND N
E
   (3) 
where E(N) represents the stiffness value at the N-th cycle. Di Benedetto also considers the rate of damage 
evolution, determined with Eqn. (4): 
00
1
t
dD dE a
dN E dN
      (4) 
where E00 and dE/dN represent the stiffness value determined by the intercept, with the y axis, the curve of 
linear interpolation of the experimental data and the slope of the curve, respectively (Figure 4). 
The ratios between the rate of damage evolution and initial strain are shown in Figure 5. A power function 
analogous to Eqn. (1) was used for interpolation of the data, substituting dD/dN for Nf. 
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Fig. 4. Stiffness Modulus versus cycles for mix S3R4 at 1.25 MPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Strain versus rate of damage evolution 
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The coefficients of regression and determination are presented in Table 6, together with the value of dD/dN, 
evaluated at a strain of 100 Pm/m. 
Table 6. Damage evolution analysis - regression coefficients 
Mixture a 
[Pm/m] 
b 
[-] 
dD/dN 
[-] 
R2 
[-] 
S0R0 4310.90 0.3239 8.984E-06 0.9440 
S0R2 849.23 0.1431 3.220E-07 0.9981 
S0R4 1393.10 0.2118 3.970E-06 0.9466 
S3R0 2098.40 0.2487 4.840E-06 0.9998 
S3R2 705.68 0.1301 3.001E-07 0.9948 
S3R4 911.65 0.1576 8.123E-07 0.9904 
 
The comparative analysis between the mixtures in terms of rate of damage evolution confirmed what had been 
revealed by the previous approaches, i.e. an improvement in the fatigue performance of the mixtures with RAP, 
more accentuated at 20% content. The presence of EAF slag resulted as being advantageous independently of the 
RAP content. 
4. Conclusions 
The performance of bituminous mixtures for base courses, produced with different combinations of EAF slag 
and RAP aggregate, was investigated in terms of fatigue life by means of 4PBT tests, in a regime of stress 
control; the results were interpreted using three different approaches. 
With respect to the reference mixture, produced with just natural aggregate, all five asphalts with marginal 
materials demonstrated a clearly higher fatigue resistance; in particular, the use of 30% of EAF slag and 20% of 
RAP aggregate increased the fatigue life, expressed in terms of H (106), from 154% to 191%, in relation to the 
criterion of failure considered (N1 and Nf respectively). 
The comparison between the mixtures conducted with the criteria Nf and N1 led to a similar quality evaluation, 
but the energy criterion showed increases in fatigue life quantitatively higher than those of the classical approach, 
based on a 50% reduction of the initial stiffness. 
The study was completed with an analysis based on the linear damage evolution model, which further 
supported what had emerged with the criteria Nf and N1 regarding a lower rate of damage evolution of the 
bituminous mixtures containing a lithic matrix integrated with EAF slag and RAP aggregate. 
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